Abstract: Coherent anti-Stokes Raman scattering (CARS) microscopy is a powerful imaging technique that can provide chemical information of organic and nonorganic materials through vibrational spectroscopy. However, its contrast is not sufficient for monitoring thin film materials. In this study, silica microspheres were employed for enhancing the signal contrast in CARS imaging. One layer of optically transparent silica microspheres was self-assembled onto polymer grating samples to enhance the CARS signals. The highest contrast enhancement factor of 12.5 was achieved using 6.1-μm-diameter microspheres. Finite-difference timedomain method (FDTD) simulation was conducted to simulate the contrast enhancement with silica microspheres of different diameters. 
Introduction
During the last decade, coherent anti-Stokes Raman scattering (CARS) microscopy has become a powerful tool for vibrational imaging of chemical and biological samples [1] [2] [3] [4] [5] . It has been proven that CARS [6] [7] [8] [9] is more sensitive than spontaneous Raman spectroscopy due to extreme lower typical photon conversion efficiencies in Raman scattering [10, 11] . CARS involves the interaction of four waves designated as pump (p), Stokes (s), probe (p'), and anti-Stokes, where pump and probe waves are usually fixed to the same frequency (ω ρ = ω ρ' ). When the beat frequency between the pump and the Stokes beams is matched with the resonant vibrational frequency Ω R of molecules or lattices of samples, a resonant enhancement of the third-order nonlinear optical process occurs and greatly promotes the sensitivity with chemical selectivity. The higher-order dependence on laser power makes CARS more sensitive than spontaneous Raman spectroscopy, which can provide fast contrast imaging based on the intrinsic molecular vibrations of a specimen without the need for extrinsic labels [11] [12] [13] [14] and has been demonstrated to be particularly sensitive to lipid-rich structures based on the resonant CARS signals from the C-H vibration [12] [13] [14] . However, the CARS contrast is not sufficiently high for monitoring or imaging thin films. There is also a nonresonant contribution to the CARS signals from the sample that does not carry chemically specific information [6] [7] [8] , which can distort and overwhelm the resonant signals of interest. Simply increasing the excitation laser power increases the risk of multiphoton damage to the samples [15, 16] . A research from Xie's group was reported that single frequency CARS microscopy can successfully be used to monitor thin photoresists used in photolithography, which could perform imaging subtraction to suppress the non-resonance background [17] . However, this method could not be applied to a broadband CARS microscope. In this study, we have achieved a high contrast of CARS by employing silica microspheres in a broadband CARS microscope. The test samples chosen here were polymer grating samples fabricated by two-photon polymerization (TPP) lithography, because of their CH-rich periodic line pattern and simple fabrication process. One layer of optically transparent silica microspheres of 3 ~7 μm in diameter were self-assembled on the polymer grating samples consisting of 400-nm-wide lines spaced 280 nm apart to achieve high-contrast grating images in CARS imaging, as shown in Fig. 1 .
Experimental methods

CARS experimental setup
Broadband CARS microscopy [18] [19] [20] based on a photonic crystal fiber light source has been considered to be a simpler solution for CARS microscopy than the complex picosecond laser and optical parametric oscillator (OPO) systems. Figure 2 shows a schematic of the broadband CARS microscope. Both the pump and Stokes beams are provided by a single fs laser (MaiTai DeepSee HP, SpectraPhysics) in conjunction with a supercontinuum generator (SCG).The SCG ensures that broadband anti-Stokes signals at different frequencies can be obtained without tuning the laser wavelength. As shown in Fig. 2 , the mode-locked Ti:Sapphire fs laser provides a laser beam with a fixed wavelength of 800 nm, whose typical duration, power, and repetition are 100 fs, 2.95 W, and 80 MHz, respectively. The laser was isolated from the rest of the setup by a Faraday isolator and divided into two beams by a beam splitter to form the pump and Stokes beams. A 50/50 ultrafast beam splitter designed for S-polarization was used. The splitting ratio was controlled by a ½ λ waveplate which rotated the input polarization. Each arm of the setup had a variable attenuator, allowing independent control of the laser power. The Stokes beam was formed using a ~500 mW laser to generate the supercontinuum in the SCG and then filtering the beam through a long-pass filter (RG830, Newport). The other 800 nm beam passed through an attenuator and was guided to a delay line. Two laser pulses were superimposed collinearly using an 800-nm Notch filter and then tightly focused onto the samples using an Olympus objective (1.05 NA, × 25) in an upright laser scanning microscope (LSM). Under the tight focusing condition, the phase-matching condition is relaxed due to the large angular dispersion and small interaction volume [1, 12, 20] . The laser powers for the pump and the broadband Stokes lasers before entering the microscope are 40 and 60 mW, respectively. The bandpass filter used for CARS imaging was a Semrock FF01-650/13 (T avg >93% @643.5~656.5 nm, center wavelength = 650 nm, and bandwidth = 13 nm). The substrates used for the forward CARS imaging were 0.17-mm-thick glass slides. Finally, the CARS signal was detected by a photomultiplier (PMT) inside the LSM. 
Fabrication of grating samples and self-assembly of silica microspheres
The grating fabrication process consisted of two steps. First, TPP lithography [21] was employed to fabricate the grating samples using a negative photoresist (IP-L from Nanoscribe GmbH). Second, unsolidified photoresist was washed away by rinsing the sample in isopropyl alcohol for 20 min. The laser beam for the TPP process was generated by a mode-lock fs fiber laser (780 nm central wavelength, 100 MHz repetition rate, and 120 fs pulse duration). The laser power used in the grating fabrication was ~4 mW and the writing speed is set to 60 μm/s. The laser beam was tightly focused within the IP-L photoresist by an oil-immersion objective lens (1.4 NA, × 100). The grating consists of 400-nm-wide lines spaced 280 nm apart, as shown in Fig. 3(a) . The thickness of the polymer sample is ~500 nm. Several monodisperse suspensions of 1% diluted SiO 2 microspheres of 3~7 μm in diameter (Bangs Laboratories) were used to self-assemble an ordered monolayer of microspheres on the grating surface by drop coating [22] . The substrates were tilted with an angle about 40 degrees to the base during the drop coating and then dried on the air. The SEM image of grating structure assembled by 6.1 μm silica microspheres is shown in Fig. 3(b) . The Raman spectrum of the IP-L photoresist [ Fig. 3(b) ] shows a strong Raman peak at around 2800~3000 cm −1 , which correlated to the C-H group vibration. CARS is also sensitive to the same C-H vibrational signatures as seen in Raman spectroscopy. However, unlike Raman spectroscopy, the CARS signal is detected on the blue side of the incoming 800 nm pump laser. Therefore, the CARS signals for the C-H vibrational signatures in the wavelength unit were 645~657 nm, so the 650/13 nm bandpass filter was chosen for CARS C-H imaging. 
Results and discussion
Contrast-enhanced CARS imaging of grating samples using silica microspheres with different diameters
Silica microspheres with five different diameters (3.13, 3.92, 5.06, 6.1, and 6.46 μm) were employed to study the size dependence of the contrast-enhanced CARS imaging. In the experiment, the grating with microspheres was reversely placed in the upright LSM. The collinear pump and Stokes pulse were tightly focused on the grating to generate the CARS signals, which went through the microspheres and were enhanced. The enhancement in CARS imaging was observed for all samples, and only the signals of those grating lines with microspheres were enhanced in the CARS imaging.
As can be seen from Fig. 4(a) , only those lines above the microspheres have been enhanced. The lines without silica microspheres show a low CARS contrast, which cannot be easily distinguished due to the low CARS contrast. The intensity profiles in Figs. 4(b) and 4(c) show the enhanced intensity when using the 6.1-μm-diameter microspheres. Moreover, the 3D intensity profile in Fig. 4(d) allows us to distinguish the grating more easily. Although the silica microspheres would have a non-resonant background in CARS imaging, the silica microspheres do not have any active Raman bands in 2000 cm −1 ~3000 cm −1 range. In the experiment, we observed that if there were no grating lines with the microspheres, no enhanced line pattern could be observed. Therefore, the enhanced line pattern is from the polymer grating rather than the silica microspheres. The diameter of the microspheres used here was 6.1 μm, but the view window in the circle [ Fig. 4(a) ] was only ~4 μm in diameter, showing 4~5 enhanced lines. It may result from the enhanced effect, which can only affect a small area very close to the microspheres' surface. It is also noted that the focal planes for imaging the grating lines with/without microspheres should be the same, because the lasers were focused on the grating and scanned in the same focal plane by a galvo scanner in the LSM. Moreover, the 3D CARS image [ Fig. 5(e) ] shows that the enhancement happened in 3D space using 5.06-μm-diameter microspheres, considering an ~1 μm depth of laser interaction volume. The 3D image was formed by Z-stacks of the 2D section images. The four 2D (x-y plane) images shown in Figs. 5(a)-5(d) were acquired at various depths in the Z axis with a 1 μm step. It means that even the grating lines were out of focus (focus plane is at Z = 2 μm), the microspheres can enhance weak CARS signals produced by the laser interaction with the volume edge, which are filtered out by the 650/13nm bandpass filter and imaged by the PMT in the LSM. Here, the enhanced area by the 5.06 μm microspheres is smaller than that of the 6.1 μm ones, which shows 3~4 enhanced lines. 
where CNR' and CNR are the contrast-to-noise ratio for CARS imaging with and without microspheres, respectively. I A ' and I B ' are the signal intensity for the signal producing structure A (line) and B (no line) in the view region of the microspheres, and I A and I B are the signal intensity for structures A and B outside the view region of the microspheres. It was found that the EFs for 6.1 μm and 5.06 microspheres are 12.5 and 5.47 times, respectively.
FDTD simulation of optical fields with silica microspheres below the grating
In this study, FDTD algorithm under perfectly matched layer boundary conditions was used to simulate the optical field using Optiwave TM . The microspheres were simulated as pure silica, whose refractive index was set to 1.45. The pulsed laser sources used in the experiments were fs pulsed lasers with a high repetition rate of 80 MHz, so the CARS signals from the C-H vibrations in the anti-Stokes frequency could be generated by tightly focusing the pump and Stokes lasers. Point sources were assumed to simulate the CARS signals of 650 nm since the width of grating line is ~400 nm. The lighting lines can be considered as point sources because of the similar size compared to the CARS nonlinear resolution. The magnitude of the E-field of the CARS signals was assumed to be 1 V m −1 . The uniform mesh step for each axis was 40 nm. Figures 6(a) and 6(b) show the E-field distribution in a 2D view with and without a microsphere. It is known that microspheres can generate "photonic nanojets" with super small foci [23] [24] [25] . However, the divergent electromagnetic wave from a small area very close to the microspheres can be confined to a parallel propagation wave with a relatively narrow distribution with smaller full width at half maximum (FWHM) of the CARS signal wave, which increases the detection efficiency and enhance the imaging intensity. Moreover, to quantify the enhancement factor in the simulation, an observation plane was placed in the propagation direction. Figure 6(c) shows the E-field distribution on the observation plane with and without microspheres, which shows that the E-field will have a narrower distribution of CARS signal wave when microspheres are applied. The narrower FWHM indicates the higher detection intensity, as shown in Fig. 7 . All the microspheres (3.13, 3.92, 5.06, 6.1, and 6.46 μm) result in the enhancment of CARS contrast in the experiment. The EFs are caculated by Eq. (1). The strongest EF occurs when a 6.1 μm microsphere is applied. While in the simulation, the narrowest FWHM occurs with a 6 μm microsphere. Thus, the experimental results match the simulation results well. 
Conclusions
In summary, one layer of silica microspheres of different diameters was self-assembled onto the polymer grating samples to achieve the contrast-enhanced CARS imaging. The highest contrast enhancement factor of 12.5 was achieved using 6.1 μm microspheres under the polymer grating. The FDTD simulation of the CARS enhancement by the microspheres was also conducted. The optimized size for the microspheres based on simulation is found to be 6 μm for the 650 nm CARS signal of C-H bonds, which has the lowest FWHM of distribution in the direction of propagation and the highest CARS intensity. Thus, by applying silica microspheres, the CARS intensity and contrast can be significantly improved. Moreover, in last years a new coherent Raman imaging technique, stimulated Raman scattering (SRS) microscopy, shows many advantages as compared with CARS [26] . Due to their similar setup, our method could also be used in an SRS configuration. 
